It has become increasingly apparent in recent years that the subcellular localization of specific mRNAs is a prevalent method for spatially controlling gene expression. In most cases, targeting of mRNAs is mediated by transport along cytoskeletal filaments by molecular motors. However, the means by which specific messages are recognized and linked to the motors are poorly understood. Here, I will provide an overview of recent progress in elucidating the molecular mechanisms and principles of mRNA transport, including several studies highlighting the co-operation of different motors during the localization process. Important outstanding questions will also be highlighted.
Introduction
It has long been recognized that specific mRNAs can be localized to discrete regions of the cytoplasm in diverse eukaryotic cell types and organisms [1, 2] . In many cases, asymmetric localization of mRNAs has been shown to contribute to subcellular targeting of their protein products. This mechanism thereby functions in diverse processes, including the establishment of embryonic axes, segregation of cell fate determinants during asymmetric cell divisions, and the morphogenesis and plasticity of neurons [1, 2] .
There are several plausible explanations for why mRNA localization is widely used as a protein targeting mechanism [1, 2] . For instance, because mRNAs can be translocated in a translationally repressed state, proteins are prevented from acting at ectopic sites in the cell. Furthermore, certain mRNAs can continue to be translationally silenced at their destination until this is overcome by an extrinsic cue. Such a mechanism permits rapid, local responses autonomously from the cell body, and may be particular important in large cells such as neurons.
Consistent with the utility of mRNA localization, recent high-throughput screens have provided evidence that hundreds to thousands of mRNAs -encoding diverse protein products -can be localized in individual cell types [1] . A particularly striking study in the Drosophila embryo concluded that ∼ 70% of expressed transcripts are subcellularly localized, and revealed several previously unappreciated distribution patterns [3] .
It appears that directional transport by cytoskeletal motors is the predominant method for delivering mRNAs to their destinations. Even in cases where additional mechanisms (such as local protection from degradation or local anchorage)
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1 email sbullock@mrc-lmb.cam.ac.uk are essential for asymmetric localization within the cell, cytoskeletal transport is presumably important for dispersing relatively large mRNPs (mRNA-protein complexes) so that they can interact with other regulators.
With the exception of a small number of model systems discussed below, there is still a very incomplete understanding of how localizing mRNAs are recognized and linked to motors. In addition, recent studies have highlighted that multiple different types of motors can co-operate to localize a single mRNA species. It is unclear as to how the recruitment and activities of these motors are orchestrated in time and space.
Here, I will summarize our current knowledge of the mechanisms of mRNA transport, with particular emphasis on recent findings from tractable model systems. I will also highlight several unsolved mysteries. Readers are referred elsewhere for entry points into alternative mechanisms for mRNA localization [1, 2] , methods for visualizing mRNAs in fixed and living cells [4] , specific biological functions of mRNA targeting [1, 2] and the interplay of mRNA localization with translational control mechanisms [5] . mRNAs can be transported by myosins, kinesins or cytoplasmic dynein Molecular motors move associated cargoes, such as organelles and macromolecules, by stepping along cytoskeletal tracks. Underpinning this translocation process is a series of largescale conformational changes within the motor protein, driven by energy derived from ATP hydrolysis. Different motors can move along the polarized cytoskeletal filaments in different directions. Thus the association with a particular motor, together with the arrangement of the cytoskeleton, has a significant bearing on the overall distribution of a cargo within the cell.
There are well-characterized examples of mRNPs being delivered by each of the three major families of cytoskeletal motor proteins that operate in eukaryotic cells. For instance, a member of the actin-based myosin family delivers specific mRNAs to the bud in the yeast Saccharomyces cerevisiae [6] . Cytoplasmic dynein, a large multi-subunit complex that walks towards the minus ends of microtubules, is directly responsible for the asymmetric localization of several developmentally important mRNAs in Drosophila [7, 8] . Kinesin family members, which typically move towards the plus ends of microtubules, also drive the translocation of key mRNAs during Drosophila and Xenopus development [9] [10] [11] and play a significant role in mRNA targeting in vertebrate neurons [12] .
These examples represent the tip of the iceberg, with many studies implicating at least one of these types of motors in the trafficking of specific messages in diverse cell types. Indeed, different motors can be active in sorting mRNAs in the same cell at the same time, thereby leading to differential patterns of localization. This situation is exemplified during mid-oogenesis in Drosophila when dynein and kinesin-1 are the motors predominantly responsible for transporting, respectively, gurken mRNA dorso-anteriorly and oskar mRNA posteriorly [8] [9] [10] .
Recognition of localizing mRNAs and linkage to motors
The elements within mRNAs that are necessary and sufficient for their asymmetric localization are referred to as RNA localization signals or zipcodes. In cases where mRNAs are delivered by cytoskeletal transport these RNA elements mediate interactions with components of motor complexes. For many mRNAs, either a specific motor or RNA binding factor has been identified as important for localization. There are actually very few cases where it is possible to account for a complete set of biochemical links between the mRNA and the motor. In this respect, the two best understood models for recognition of localizing mRNAs by motors are during delivery of mRNAs to the bud in S. cerevisiae and to the apical cytoplasm in the Drosophila blastoderm embryo (Figure 1 ), which are actin-and microtubule-based, respectively.
Localization of specific mRNAs, of which ASH1 is the archetype, to the bud of S. cerevisiae is mediated by a core complex of She2p, She3p and a type V myosin, called Myo4p. The long-standing view was that the RNA-binding protein She2p recognizes the RNA localization signals and that She3p acts exclusively as an adaptor bridging She2p and Myo4 [6] . This model has recently undergone a significant revision, with the striking finding that She3p, as well as She2p, can also directly contact RNA in vitro [13] (Figure 1A ). She2p and She3p bind synergistically, and with high specificity, to RNA localization signals [13] . As many isolated RNA recognition factors exhibit only partial selectivity for RNA signals in vitro, analogous co-operative interactions may operate during the assembly of localizing mRNPs in other cell types.
There are significant insights into the features of She2p and She3p that mediate RNA binding (e.g. [13] [14] [15] [16] ). It is also known that the RNA localization signals comprise double-stranded stem loops in which the arrangement of specific single-stranded features is functionally important [17] . However, the precise mechanism by which She2p/She3p recognizes RNA is unclear because a structure of a localization signal alone or bound to these proteins is not available.
In the Drosophila embryo, Egl (Egalitarian) can recognize double-stranded apical RNA localization signals in a variety of transcripts, even though this protein lacks a canonical RNA binding motif [18] . Egl mediates links between mRNAs and the dynein motor, which drives apical transport [7] , by binding independently to dynein light chain and the dynein/dynactin co-factor BicD (Bicaudal-D) [18, 19] ( Figure 1B) .
Recent work [20] has provided structural insights into important features within one of the mRNA targets of Egl. NMR spectroscopy of the localization signal of the K10 mRNA revealed an unusual A -form helicity, with widened major grooves associated with stacking of basepaired purines. The results of functional assays in vivo suggest that the A -form structure, rather than specific sequences, are recognized by Egl. Other Egl-dependent localization signals, which contain runs of purines but share little overall similarity at the primary sequence level, may adopt a similar conformation.
Drosophila BicD can also associate with FMRP (fragile X mental retardation protein) [21] , an RNA-binding factor that plays an important physiological role in the localization and local translation of a subset of mRNAs in neurons and is mutated in the most common inherited form of cognitive deficiency in humans. Distinct BicD-Egl and BicD-FMRP complexes exist [21] , and presumably link dynein to different classes of localizing mRNAs. FMRP also associates with components of kinesin complexes [22, 23] . These findings, together with the observation of frequent switching of FMRP between dynein and kinesin-1-dependent motion in Drosophila tissue culture cells [24] , highlight significant interplay between opposite polarity motors during the transport of FMRP-containing mRNPs.
Assembly of mRNPs for transport
In several cases, mRNAs destined for transport are initially recognized in the nucleus. There is vivid visual evidence that β-actin RNA, which is translocated to the leading edge of vertebrate fibroblasts, is first recognized by transacting factors at, or close to, the site of transcription [25] . A recent study in yeast [26] showed that She2p can associate with mRNAs through an interaction with components of the RNA polymerase II complex, thereby highlighting a molecular strategy for co-transcriptional recognition of localizing mRNAs. However, given that She3p (which as introduced above significantly enhances She2p's specificity for RNA signals in vitro) is strictly cytoplasmic [13] , there is still some uncertainty about where and how the localizing mRNPs are assembled and remodelled.
That rearrangement of recognition factors on mRNAs can occur has been clearly demonstrated during kinesindependent localization of Vg1 mRNA to the vegetal pole of Xenopus oocytes [27] . It is conceivable that such events represent maturation steps in localization processes, such as competence to recruit motors.
Nuclear recognition events also play an important functional role during the localization of oskar mRNA, with the deposition of the EJC (exon junction complex) during splicing resulting in significant modulation of the motile properties of mRNPs in the oocyte cytoplasm [10, 28] . Mutations in EJC components appear to favour the overall activity of dynein at the expense of that of kinesin-1 [10] , although the molecular basis of this fascinating effect is not known.
It is important to point out that a nuclear experience is not obligatory for localization of all mRNAs. Many transcripts can be transported appropriately following microinjection into the cytoplasm (e.g. [7, 8, 29] ). More studies are therefore needed to resolve where initial recognition of transported mRNAs usually occurs.
There are several other outstanding issues that relate to the assembly of mRNA transport complexes. For instance, can motors be preassembled with RNA-binding proteins in the absence of an mRNA cargo, or does the motor always recognize an mRNA pre-bound by recognition factors? Are motors inactive, either unable to bind the cytoskeleton or held in an immobile state on the filament, in the absence of cargo? And if so, what are the molecular mechanisms by which cargoes activate movement? Alternatively, can free motors move around the cytoskeleton to 'scavenge' for mRNPs?
Interplay between motors and motor regulation during mRNA translocation
In at least some cases multiple copies of the same motor can co-operate on a single mRNP cargo. For instance, during ASH1 transport the presence of several copies of a localization signal increases the efficiency of transport by recruiting several Myo4p molecules [30] .
Different types of cytoskeletal motors can also be active during the lifetime of a particular localizing mRNA. Both kinesin-1 and kinesin-2 are important during vegetal localization of Vg1 mRNA in Xenopus oocytes [11] . The kinesin-1-dependent localization of oskar to the posterior pole of the fruitfly oocyte appears to be preceded by Egl, BicD and dynein-dependent transport of the mRNA into the oocyte from the adjoining nurse cells [31, 32] . It is not clear whether dynein and its adaptor proteins dissociate from the oskar mRNP before the initiation of kinesin-1-based transport to the posterior of the oocyte. Alternatively, there may be analogies to bidirectional transport of organelles and viruses in which dynein and a kinesin can stably bind to an individual cargo, with the relative activities of the opposite polarity motors subject to temporal regulation [33] . There is evidence that myosin V also contributes to posterior targeting of oskar [34] . Thus this mRNA could even associate simultaneously with dynein, a kinesin and a myosin, as has been proposed for pigment granules in vertebrate cells. Such a mechanism may allow cargoes to navigate through a complex meshwork of cytoskeletal filaments.
There is also significant complexity in the way mRNAs move along the cytoskeleton during Egl-dependent apical localization in the Drosophila blastoderm embryo. Apically localized mRNAs frequently switch between bouts of motion towards the minus end and plus end of microtubules [35, 36] . Net apical transport results from more frequent motion of mRNPs in the minus-end direction than in the plus-end direction. Minus-end-directed motion is driven by dynein and its accessory complex dynactin [7] . Plus-end movement is probably driven by a dedicated kinesin motor or the dynein-dynactin complex, which can engage in both minus-end-and plus-end-directed motion in vitro [37] .
Surprisingly, even uniformly distributed mRNAs undergo bidirectional motion in the blastoderm, but with no net bias [35] . This presumably aids their dispersal through the cytoplasm. Thus it appears that RNA localization signals are not obligatory for linkage of mRNAs to motors, but increase the frequency with which the transport complex is engaged in minus-end-directed motion. It was speculated that the RNA signals, through Egl and BicD, increase the average copy number of dynein on mRNPs to produce a net apical bias in motion [35] . However, more recent work on lipid droplet motion argued that regulation of higher-order properties of motors, rather than motor copy number, could be the predominant mechanism by which the net movement of bidirectional cargoes on microtubules is determined in vivo [38] .
Frequent switching of transport directions is also a feature of mRNA motility in mammalian oligodendrocytes and hippocampal neurons [39, 40] . Bidirectional transport may therefore be commonly employed during mRNA sorting. But why has this seemingly inefficient way of targeting cargoes evolved? The answer may lie in the ability of bidirectional transport to allow mRNPs to navigate around obstacles on cytoskeletal filaments and to set up graded distributions of mRNAs by fine tuning the relative frequencies of minus-endand plus-end-directed motion.
Maintenance of mRNA distributions following targeting
How are mRNAs retained at their destinations following transport? During late oogenesis in Drosophila, the steadystate enrichment of bicoid mRNA at the anterior cortex is achieved through continual active transport by dynein [41] . In contrast, the same motor appears to serve directly as an anchor, independent of its ATPase activity, following its transport of mRNAs to the apical cytoplasm in the fruitfly embryo [42] . mRNPs can also be handed over to actin filaments or associated proteins following long-distance transport on the microtubule cytoskeleton [43, 44] . It is not known how this transfer is achieved in molecular terms. In fact, with one exception [45] , it is poorly understood how either mRNA recognition factors or motors could dissociate from their mRNA targets in order to be recycled for subsequent rounds of transport. This is an important area for future work.
Outlook
A significant body of work in different systems suggest that there is formidable complexity in the way mRNA-motor complexes are assembled and how their motile properties are controlled. A much better biochemical and structural understanding of critical molecular interactions during these processes is therefore needed. In addition, reconstitution of mRNA transport in vitro is likely to be essential to reach a satisfactory understanding of how mRNAs and associated proteins can regulate motor activity, and how the activities of multiple motors can be co-ordinated in time and space on a single cargo.
Several other important mechanistic questions remain. Are mRNAs usually transported as single molecules or in particles containing multiple mRNAs (see the supplementary material in [1] for further discussion)? How general is the co-transport of mRNAs together with other kinds of cargoes for motors, a phenomenon highlighted by the co-ordinated movement of She2p mRNPs and endoplasmic reticulum tubules in yeast [46] ? And, in the fascinating cases where the distributions of mRNPs are modulated by neuronal activity (e.g. [47] [48] [49] [50] ), is the behaviour of the motor complexes being modulated directly, and if so, how?
